Absolute single photoionization cross-section measurements for Se + ions were performed at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory using the photo-ion merged-beams technique. Measurements were made at a photon energy resolution of 5. In addition, particular attention was given to removing significant effects in the measurements due to a small percentage of higher-order undulator radiation.
Absolute single photoionization cross-section measurements for Se + ions were performed at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory using the photo-ion merged-beams technique. Measurements were made at a photon energy resolution of 5.5 meV from 17 
I. INTRODUCTION
The interaction of photons with atomic and molecular ions is a fundamental physical process in many important plasma environments such as stars, nebulae, and thermonuclear fusion reactions. A powerful tool for exploring these interactions is photo-ion spectroscopy, where a beam of ions interacts with an intense beam of synchrotron radiation.
In the present analysis, absolute single photoionization cross-section measurements of Se + are presented at 5.5 meV photon energy resolution in the energy region of the groundstate configuration threshold. This work is part of a broader investigation of absolute photoionization cross-section measurements of Se + through Se 5+ and supplements previous lower energy resolution measurements on the same system by Sterling et al. [1] . In Ref. [1] , some resonance structures were clearly unresolved, precluding precise assignments for those features. In addition, after the publication of Ref. [1] the possibility of errors in absolute measurements due to higher-order radiation in the photon beam at these very low beamline energies became a concern. The principal motivation of the present work is to augment the resonance analysis of Ref. [1] with high photon energy resolution measurements, and to quantify and address complications that arise from higher-order radiation. With these new measurements we have successfully analyzed the rich and complex resonance structure of Se + in the ground-state configuration threshold region, have unambiguously identified structures produced by higher-order photons, and have corrected the absolute photoionization spectrum for their effects. * Present address: JILA, University of Colorado, Boulder, CO 80309-0440, USA.
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The measurements of Ref. [1] were motivated by the detection of Se emission lines in a large number of ionized astrophysical nebulae (e.g., in Refs. [2] [3] [4] ). The determination of elemental abundances from such observations requires corrections for ionization processes involving unobserved charged states, and hence knowledge of the ionization balance. Photoionization cross sections are a critical piece of atomic data needed to solve for the ionization equilibrium in photoionized nebulae [5] . For a more detailed discussion of the astrophysical background that motivated these measurements, we refer the reader to Sterling et al. [6] and Ref. [1] .
II. EXPERIMENT
Measurements were conducted at the Advanced Light Source (ALS) of Lawrence Berkeley National Laboratory using the ion photon beam (IPB) end station permanently installed at undulator beamline 10.0.1, which utilizes the merged-beams photo-ion technique [7] . A detailed description of the IPB apparatus was given by Covington et al. [8] , with recent modifications described by Alna'Washi et al. [9] . Se ions were produced by placing pellets of solid Se within an all-permanent-magnet electron-cyclotron-resonance (ECR) ion source similar to that reported by Broetz et al. [10] and Trassl et al. [11] . The amplified 10 GHz input power to the ECR ion source was sufficient to both vaporize and ionize the solid Se, producing a heterogeneous plasma of positive Se ions. These ions were accelerated out of the source and formed into a beam via a 4 kV potential difference. The beam was focused and collimated using an electrostatic einzel lens, two-dimensional steering plates, and adjustable horizontal and vertical slits and was subsequently mass-to-charge analyzed by a 60
• dipole magnet. The ion source rf amplifier power was approximately 1 W, which produced a Se + primary ion beam with a current between 12 and 16 nA. The resulting 4 keV Se + primary ion beam was directed onto the axis of the counterpropagating photon beam using spherical-section
FIG. 1. (Color online) Absolute Se
+ → Se 2+ photoionization cross section measured at 5.5 meV photon energy resolution (top panel, present work) and at 28 meV resolution (bottom panel, Ref. [1] ). The circle with error bars represents the absolute measurement reported in Ref. [1] . Ground-and metastable-state ionization thresholds are indicated by vertical bars with dashed lines in the top panel and continued into the bottom panel for reference [17] .
electrostatic 90
• deflectors. The ion and photon beams were then spatially merged within a well-characterized interaction region as detailed below. A 45
• dipole magnet downstream of the interaction region was used to demerge the ions from the photon beam and separate the Se 2+ photo-ion product beam from the Se + primary ion beam. The primary beam current was monitored on a Faraday cup housed within the demerger magnet, while the product beam was passed to a set of 90
• spherical-section electrostatic deflectors, which directed the product ions onto a stainless-steel plate. Secondary electrons produced when the product ions impacted the plate surface were then accelerated into a single-particle channeltron detector and counted. A small background of Se 2+ ions produced by collision with residual gas in the interaction region at a typical pressure of 5 × 10 −10 torr were accounted for by mechanically chopping the photon beam during the measurements.
The present photoionization measurements were made using the IPB end station in absolute mode. The typical procedure for absolute mode is to tune the ion and photon beams for spatial overlap within a 29.4 cm long stainless-steel mesh cylinder that functions as a well-defined ion-photonbeam interaction region. This cylinder is electrically isolated and can be biased for the purpose of energy-tagging the product ions produced therein. Beam spatial overlaps are carefully monitored within this region using three translating, two-dimensional slit scanners, with overlap measurements typically taking place immediately before and after each absolute photoionization cross-section measurement. These measurements consist of counting photo-ions at a fixed photon energy and using the photo-ion count rate, primary ion and photon beam intensities, and characteristics of their physical interaction (e.g., the beam spatial overlaps and the velocity + spectrum, uncorrected for the effects of higher-order radiation. Metastable-state ionization thresholds are indicated by vertical bars with dashed lines in the bottom panel [17] .
of the ion beam) to calculate the absolute cross section value for that photon energy. While absolute mode is typically used in this manner, it can also be used to perform spectroscopic energy-scan measurements. The purpose of measuring spectroscopy in absolute mode is to minimize artifacts in the spectra that may arise due to inconsistencies in spatial beam overlaps with low-intensity primary ion beams. In this modified form, photo-ions are counted as the photon energy is stepped through a predetermined range with beam overlap measurements made at discrete photon energies between successive energy range scans.
The photon beam is produced by a 10 cm period, 43 period undulator housed within the 1.9 GeV, 500 mA constantcurrent electron storage ring of the ALS. A spherical-grating monochromator downstream of the undulator produces a photon beam less than 1 mm wide with a divergence of less than 0.05
• . The monochromator at beamline 10 is equipped with three interchangeable diffraction gratings with an overall photon energy capability of 16.5 to 350 eV. The present measurements were made using the low-energy grating which has 380 lines/mm and covers an energy range of 16.5 to 85 eV. The photon flux is monitored by a silicon photodiode (IRD, SXUV-100) referenced to a second photodiode from the same manufacturing batch that was absolutely calibrated by the National Institute of Standards and Technology (NIST) and the National Synchrotron Light Source in different photon energy ranges. These photodiode responsivity calibrations permit determination of incident light intensity with an uncertainty of typically no more than 5%. The beamline photon flux at 18.2 eV is 2.3 × 10 12 photons/s at 5.5 meV photon energy resolution, which corresponds to a resolving power of approximately 3300. For the present measurements the photon energy scale was calibrated on a side-branch gas cell permanently installed at beamline 10 using well-known doubly excited, autoionizing He resonances at 20.049, 21.219, and 21.489 eV [12] . The calibration resulted in a photon energy uncertainty conservatively estimated to be no more than 10 meV across the entire photon energy range. 
III. RESULTS AND ANALYSIS

A. Measuring and normalizing the photoionization spectrum
The Se + photo-ion yield spectrum was assembled from 15 individual scans, each 500 meV wide made with energy steps of 1 meV with 250 meV of overlap between adjacent scans. The spectrum was compared to an absolute cross section of 4.88 Mb measured at 21.1 eV as reported in Ref. [1] and is in agreement with this value within the experimental uncertainty. While this absolute cross section was measured at a different photon energy resolution than the present analysis, it is in a region with no clearly resolved resonances that is dominated by direct photoionization. The integrated oscillator strength was also compared to that reported in Ref. [1] , with their oscillator strengths agreeing to within ±1% across the entire energy range of the present measurements. A comparison of the high-and low-resolution absolute cross section measurements is shown in Fig. 1 . More detailed resonance structures are visible in the high-resolution data where some broad individual resonances have been clearly resolved into multiple individual features.
In the top panel of Fig. 1 , broad features are clearly evident below the 2 P o 3/2 ionization threshold at 18.233 eV. While features in this energy range could be produced by primary ions in long-lived metastable states that are more energetic than the 2 P o 3/2 state, it is shown in the following section that these features are a result of photoionization by higher-order photons at three times the measured photon energy. Upon close inspection, these features are also apparent in the lower-resolution data. 
B. Higher-order radiation analysis
Higher-order radiation produced by the undulator and dispersed by the grating monochromator is a characteristic of synchrotron radiation [13] . While second-order radiation has intensity lobes that are primarily off-axis and can be mitigated by appropriate baffles, third-order radiation is well collimated and collinear with the first-order output. Third-order radiation is therefore present in the photon beam at all energies and can contribute as much as several percent to the total photon flux. In addition, the measurements are particularly sensitive to third-order radiation at photon energies below 20 eV because of a rapid decrease in both grating efficiency in first order and photo diode quantum efficiency.
Photoionization measurements from 35 to 36.5 eV, or double the energy of the region in question, revealed no apparent structure and only a very small photoionization cross section. However, at triple the energy, strong features were measured nearly identical in shape to those seen below the 2 P o 3/2 threshold, indicating that photoionization by third-order radiation was the source of the observed structure. These features are due to 3d → np transitions corresponding to those seen in the isoelectronic Br 2+ ion previously measured by Cummings and O'Sullivan [14] . Measurements were made from 53.55 to 56.40 eV and were normalized to an absolute cross-section measurement taken at 54.62 eV as indicated by the circle with error bars in the top panel of Fig. 2 . Measurements were also made beyond the prominent features, but no significant structure was found.
Using the spectrum from the top panel of Fig. 2 , the thirdorder contributions were removed, producing a high-resolution spectrum due to first-order radiation only. Comparison of photoionization rates observed at 18.21 and 54.62 eV indicated that the fraction of third-order light was approximately 5.4% ± 2.0%. On the surface this is a low percentage, but the order-of-magnitude difference in photodiode sensitivity to first-and third-order energies results in an overestimation of the photon flux of up to 70%, thus complicating the measurement of absolute cross-section values. Although the 5.4% value could be used to correct the spectrum at 18.21 eV, [17] . the photon energy dependence of higher-order light precludes the application of a constant correction to the entire spectrum. Furthermore, second-order radiation is not completely negligible and similarly can contribute to the overestimation of the photon flux. Therefore, the fraction of higher-order radiation as a function of photon energy was estimated by direct measurement of the relative second-and third-order radiation intensities utilizing a hemispherical photoelectron spectrometer (Scienta 2002).
The electron transmission efficiency as a function of energy for the hemispherical spectrometer at beamline 10 was determined following the procedure described in Jauhiainen et al. [15] . Relative photoelectron production from p-electron ionization of Ne and Kr gases arising from the first, second, and third harmonics (hυ 1 , hυ 2 = 2hυ 1 , and hυ 3 = 3hυ 1 , respectively) were obtained for the beamline at nominal photon energies of 18.227 eV (Kr), 21.670 eV (Kr), and 29.950 eV (Ne). The fluxes 2 and 3 of the second and third harmonics relative to the first-order flux (υ 1 ) 1 could then be obtained using the known photoionization cross sections in these gases (see Table I ) [16] . Using these results, an energy-dependent estimate of the flux ratio was produced for photon energies between 18 and 35 eV and used to account for the overestimation of the first-order flux by the photodiode. This amounted to a correction of ≈70% at 18 eV down to ≈2% at 35 eV. The final corrected absolute photoionization spectrum is shown in Fig. 3 with the third-order features removed and the cross section corrected to account for second-and third-order radiation. Note that the absolute cross section value at 21.1 eV originally reported in Ref.
[1] to be 4.88 Mb has been scaled in the same manner and is now 6.14 Mb.
C. Rydberg series identifications
The NIST Atomic Spectra Database [17] reports the ionization potential of Se + to be 21.189 eV and the energy levels of the lowest-lying metastable states of both the primary Se + ion and product Se 2+ ion as indicated in Tables II and  III [19] was used to calculate these levels as verification of the original source data. Using these values as a starting point and allowing them to be free parameters in the Rydberg resonance series analysis resulted in an experimentally determined 3 P 2 fine structure energy level of 0.493 ± 0.010 eV above the ground state. No series were found to converge to the 3 P 1 state, thus experimental verification of this energy level was not possible.
In this analysis, the series limits were initially set using the values reported in the NIST database. After tentative Rydberg series identifications were made, the series limits were then treated as free parameters with the final series limits determined by the present analysis shown at the bottom of each Rydberg series table. Finally, we note that the NIST-reported energy for the 1 S 0 state is not referenced to the Se 2+ ground state and carries a larger (unspecified) uncertainty. The present analysis allows us to provide a measurement of the 1 S 0 state relative to the other dominant lines in this energy region, with a final value of 3.470 ± 0.050 eV. In Fig. 4 , the numbering scheme that is used to refer to Rydberg series resonances in the following tables is shown. In some instances it was determined after the numbering had taken place that certain poorly resolved features were actually multiple resonances. In such cases a lettering designation was added. Figure 5 is Fig. 5 , with the remainder shown in Fig. 7 . The details of these series are listed in Tables IV-VIII. Each tabulated resonance is identified by peak number, principal quantum number n, resonance energy, and quantum defect parameter δ, which is a quantification of the deviation of the true energy of an excited electron in a Rydberg atom from the hydrogenic model. The particular values of δ were found analytically and are a function of the principal quantum number and excitation energy of each resonance and are therefore related to the energy uncertainty and resolution of these measurements. The values of δ in this analysis typically approach zero with increasing principal quantum number, but even in cases where they do not, the quantum defect parameter has a vanishingly small effect on predicted resonance energies at high n. Due to these characteristics, individual uncertainties in the quantum defect parameter have not been quoted, and the tabulated δ values can be considered accurate within the energy uncertainty of these measurements. In addition, within the experimental energy uncertainties, positive δ values are allowable for the high-n resonances for which negative quantum defect parameters were determined. Lastly, in certain instances some resonances are not resolvable, either due to interference from other series or to limitations in photon energy resolution at high n values. In such instances, tabulated peak numbers have been omitted, but energies and δ values have been included to indicate predicted resonance energies. Figure 6 is 
This comparison is provided as an example of the behavior of identified Rydberg series originating from different initial states. In each case in the present analysis where series originate from more than one state, they demonstrate similar behaviors to those in Fig. 8 indicating that the resonance identifications and quantum defect behaviors are consistent. The one exception is the 4p → nd transition series originating from the 2 P o 1/2 state with a 3 P 2 series limit. The behavior of this series deviates at high n from the same series originating from the 2 P o 3/2 state. Two factors that may explain this deviation are the very low intensity of the series resonances at high n, and the final few (weakest) resonances are overlapped by the initial n = 7 resonances of the 4p → ns transitions with a 1 D series limit (see Fig. 5 ). The combination of these two factors makes accurate determination of quantum defect values for this series at very high n values difficult. Rydberg resonance series identifications included comparative analysis of the quantum defect parameter from like transitions originating from related fine structure components which strongly supports the series identifications. The ability to resolve such structure and thus accurately identify the many resonance series required high spectral resolving power. These measurements improve on the already detailed measurements reported in Ref. [1] and permitted the experimental determination of the Se 2+ 3 P 2 and 1 S 0 state energies. The present analysis also revealed features which were determined to result from a small fraction of higher-order radiation in the photon beam. These features were removed and the photoionization spectrum was corrected to account for errors in the determination of absolute cross section values caused by this higherorder radiation. This produced a quantifiable measurement of the effects of higher-order radiation on absolute photoionization cross-section measurements at the ALS beamline 10.0.
IV. SUMMARY AND CONCLUSIONS
